Abstract This paper describes the investigations on the solvatochromic effect and the photophysical properties of quinoline derivatives, compounds with potential applicability in optoelectronic devices. Using an experimental and theoretical approach, the effect of the solvent and the insertion of the phenyl, nitro, amino and dimethylamino group in the quinoline backbone were investigated. The use of Density Functional Theory (DFT) calculations provided the bases for the understanding of the energetic transitions observed in the absorption and fluorescence experiments. In general, it was observed a change in the wavelength of maximum absorption and fluorescence quantum yield of the studied compounds caused by the substituents in the quinoline core. This effect was correlated with the solvent dielectric constants.
Introduction
Over the last years, the Science community has turned its attention to luminescent organic and organometallic compounds which have aroused great interest due to their potential applications as organic solar cells (OSCs), biomolecular labels, organic light-emitting diodes (OLEDs), molecular probes and switches, laser dyes, and organic π-conjugated in solution-processed bulkheterojunction (BHJ) organic photovoltaic devices [1] .
Molecules such as quinolines have been of great interest in the fields of organic and medicinal chemistry since there is a large number of natural products and drugs that present this heterocyclic moiety in their structure. As a result, their use has been reported in several medical applications [2, 3] . In addition, quinoline derivatives have also been used in polymer chemistry, organic electronics and optoelectronics. This is because quinoline derivatives have excellent mechanical properties, generating highly efficient materials in the electron transport [4] , presenting crucial characteristics for their use in OLEDs, such as high electron mobilities, good thermal stability, high photoluminescence efficiencies and good film forming properties [5] . Therefore, a significant improvement in luminescence efficiency and brightness in OLEDs is observed when molecules contain quinolines [6] .
Predominant advantages can be attributed in the competitive nature of small molecules in relation to the polymeric materials, including well-defined molecular structures, good flexibility, light weight, low cost, simple synthesis and fabrication-processing, an easier purification process and a better reproducibility [7] .
Phenyl quinoline compounds are known to have an excellent photochemical stability even under high intensity laser irradiation [8] . We also know that a broad, intense absorption spectrum with molecules bearing the quinoline nucleus leads to a higher amount of short-circuit current density (Jsc). In addition, there is the possibility of modulating the emission wavelength of such compounds by introducing functional groups and/or extending the conjugation around the core [8] .
The donor-acceptor (D-A) concept for band gap reduction was proposed by Havinga et al. in 1992 [9] . Through simple modifications, donors and acceptors groups can be inserted in the quinoline backbone. This makes this class of molecules important compounds to be studied more thoroughly for future applications in the field of organic electronics that continues to evolve [10] .
Yune and co-workers prepared the binder-free TiO 2 colloidal pastes using quinoline backbone to produce robust photoanodes for dye-sensitized solar cells (DSSC) [11] . Bulkier heterocyclic bases as quinoline derivatives can also be tested for this purpose, but we need to know the influence of substituents in the photoproperties at the molecule. As it can be seen, substituents have a key effect on the properties of fluorophores. Thus, in this paper we report the photophysical investigation of the solvent effect on quinoline derivatives, synthesized through multicomponent reaction (MCR) among arylaldehydes, anilines and alkynes catalyzed by Niobium Pentachloride, as described recently by our research group [12] . In addition, to better understand the photophysical properties of substituted quinoline derivatives, computational simulations using the Density Functional Theory (DFT) were performed.
Experimental Materials and Instrumentation
The complete synthesis and full spectral characterization (NMR, MS, IR and other techniques) of all studied compounds have been reported previously [12] . All reactions were performed under air atmosphere , unless otherwise specified. Acetonitrile was distilled from calcium hydride. The quinoline backbone (compound 1) is commercially available in SigmaAldrich. All commercially available reagents were used without further purification. The NbCl 5 used was supplied by Companhia Brasileira de Metalurgia e Mineração (CBMM). Thin-layer chromatography was performed on 0.2 mm Merck 60F 254 silica gel aluminum sheets, which were visualized with a vanillin/methanol/water/sulfuric acid mixture, molybdate or UV-365 nm irradiation. Bruker DRX 400 spectrometer was employed for the NMR spectra (CDCl 3 solutions) using tetramethylsilane as internal reference for 1 H and CDCl 3 as an internal reference for 13 C. A Bruker FTIR model VERTEX 70 was used to record IR spectra (neat). HRMS analyses were recorded in a micrOTOF (Bruker), with ESI-TOF detector working on positive mode. UV-Vis absorption spectra were obtained in a SpectraMax M2 spectrophotometer (Molecular Devices, USA) using a 1.0 cm light path quartz cuvette at room temperature. Fluorescence emission spectra were obtained using a Synergy2 Multi-Mode reader (BioTek, USA).
Quantum yields were analyzed by adjusting the solution absorption using the UV-Vis to ca. 0.05 at 272-388 nm wavelength, the output was measured using the luminescence spectrophotometer at the same wavelength and comparing it to the known 9,10-diphenylanthracene standard using Eq. 1 Quantum yield calculation using 9,10-diphenylanthracene:
Φ is the fluorescence quantum yield, A is the absorption of the excitation wavelength, F is the area under the emission curve, and n is the refractive index of the solvents used. Subscript std. denotes the standard. The compounds were solubilized in ethanol and the concentration maintained at about 5 × 10 −6 mol.L −1 to follow the protocol for analysis [13] .
Computational Details
All theoretical calculations were performed with GAUSSIAN09 program [14] . Ground state geometries were fully optimized by Density Functional Theory (DFT), employing the Becke three-parameter Lee − Yang − Parr exchange-correlation functional (B3LYP) [15] and the basis set functions 6-31G(d) [16] . The solvation effects were simulated by the Polarizable Continuum Model (PCM) [17, 18] . Today, there are large amounts of available functionals within the DFT theory and our option for the B3LYP is based on the fact that it has already been successfully used in other studies with quinoline derivatives [19] [20] [21] [22] [23] [24] . The equilibrium geometries were confirmed by vibrational spectrum calculations since no imaginary frequencies were found.
Results and Discussion
The Solvent Effect on UV-vis Absorption of Quinoline and Its Derivatives
Firstly, to investigate the solvent effect in quinoline 1 and its derivatives 2, 3 and 4 ( Fig. 1) , the UV-Vis absorption of these compounds was examined in various solvents with different polarities. This investigation was necessary, due the fact that electron charge distribution and the twist angle of the molecules can be explained by the solvent effect, mainly because of stacking alignment and intra-charge transfer of compounds [25] . This evaluation is important to study applications in optoelectronic devices [26] . Aiming to study the effect of the insertion of substituents in the quinoline moiety, the measurements of UV-Vis absorption in different solvents were performed to know the influence of the solvent, so it would not limit our explanation of the change in the values only in connection with the twist angle of the substituents. Figure 2 shows the UV-Vis absorption spectra of quinoline 1.
It can be seen in Fig. 2 that the solvent altered the wavelength of maximum absorption (λ max ) of 1. However, by comparing only the dielectric constant values of the solvent, it was not possible to find out a pattern for the alteration in λ max . As well-established in the literature, the absorption phenomenon depends on factors that cause changes in the electronic structure of molecules such as viscosity, polarity and, therefore, solubility (Table 1 ) [27] . In Fig. 2 , we hid the first absorption band because of a strong influence of the solvents cut off wavelength. The second and third bands have differences in shift and intensity. These bands show π-π* and n-π* transitions. These transitions are sensitive to solvent polarity, but in the quinoline backbone (1), they did not exhibit significant changes in the λ max .
Although it is not the only parameter responsible for changes in values, a bathochromic shift by increasing the solvent polarity indicates that the ground state tends to be better solvated by polar solvents. This behavior was observed with hexane (λ max = 261 nm) and DMSO (λ max = 274 nm), which have a difference of 13 nm in the λ max . It can be said that the ground state is better solvated by solvents with higher polarity in this compound [27] . Aiming to study the effect of the insertion of the phenyl, nitro, amino and dimethylamino groups in the quinoline moiety, the measurements of UV-Vis absorption in ethanol for compounds 2, 3 and 4 were performed to observe the λ max shift (Fig. 3) .
The substituents at the quinoline backbone caused a change in the electron charge distribution and consequently a shift in the λ max. The values observed were: quinoline (1) λ max = 272 nm, nitroquinoline (2) λ max = 335 nm, aminoquinoline (3) λ max = 375 nm and dimethylamine quinoline (4) λ max = 388 nm.
When compared to the quinoline core (1), the insertion of phenyl groups increased the electron delocalization and the consequent bathochromic shift, which could be an important property for applications of these molecules as dyes. The amino group and the dimethylamine group also caused a red shift. These groups with free electrons contribute toward the mobility of electrons in the structure. Although the phenyl substituents reduced the structural rigidity, this molecule still presented a high fluorescence quantum yield which was significantly higher compared to the parent molecule (1) [12] . The fluorescence quantum yield and Stokes shift of nitroquinoline 2, aminoquinoline 3 and dimethyllamine quinoline 4 were also studied (Fig. 4) . The results showed that quinoline backbone (1) do not exhibit fluorescence, nitroquinoline showed 0.25%, aminoquinoline 65.33% and dimethylamino quinoline 57.70% of fluorescence quantum yield. This demonstrates the importance of inserting the phenyl groups to increase the conjugation of the molecule and consequent emission, but also demonstrates the key effect of the amino group on the quinoline backbone. The optical data for 1-4 in ethanol solution are summarized in Table 2 .
Theoretical-Experimental Solvent Effect in Quinoline Derivatives 3 and 4
As showed in section 3.1, substituents had a key effect on the fluorescent properties of the quinoline derivatives. Hence, for a better understanding of their effects, theoretical calculations were used in this section to understand the effect of the amino (compound 3) and dimethylamine (compound 4) substituents. Compound 3 was chosen because it does not contain any substituent in the phenyl ring in position 2 and it is useful to know the effect of the substituent group. Compound 4 was chosen by the known effect of the dimethylamino substituent, as well as the result achieved by its absorption. This group can better contribute to the resonance structures of the quinoline moieties upon excitation. Thus, these molecules proved to be good candidates for further photophysical study. We decided to study compound 4 as an unsymmetrical Donor-AcceptorDonor (D-A-D) type of organic small molecule, with quinoline acting as an electron-acceptor moiety.
As demonstrated in the literature, these groups contribute toward the mobility of π-electrons of the quinolines and cause different spectroscopic behavior [28] . Once these molecules could increase their absorption band through intramolecular charge transfer (ICT), and consequently encompass a larger region of the solar spectrum, then they would be able to achieve a high PCE in organic solar cells devices [29] .
A variation in the intensity, shape and peak position of absorption spectra can be used to know the interactions between solute and solvent. When the compound is dissolved in different solvents and the phenomenon of change in color occurs, as well as their absorption and emission spectrum, this effect is called solvatochromism. Compounds with a large change in their permanent dipole moment upon excitation exhibit a strong solvatochromism. In compounds 3 and 4, this was observed in different intensity [30] .
Compound 3 is a yellow solid and 4, a dark orange solid. They showed green to blue emission under UV-lamp (365 nm) (Figs. 5 and 6 ). The UV-visible absorption (Figs. 5 and 6 ) was recorded in different solvents at room temperature using 10 −6 M solutions. Compound 3 showed λ max in the range of 355-390 nm while compound 4 was in the range of 378-403 nm with shoulder in the range of 474-483 nm in some solvents (Table 3) . Some dependence in the absorption spectra indicates a good interaction with the solvent molecule and ground state of quinoline derivatives. The solvatochromic effect is less pronounced in compound 3. Whereas, in compound 4, the non-bonding electrons on the dimethylamino group participate in the π-electron of quinoline skeleton and decrease the value of dipole moments in ground and excited states. The amine and the dimethylamine group act as donator units and the quinoline backbone act as an acceptor building unit, making this an asymmetric D-A-D system. The extended absorption via n-π* intramolecular D-A-D charge transfer is a possible explanation for the shoulder ranging from 473 to 483 nm. Compound 4 (Fig. 5) shows intramolecular charge transfer (ICT) observed in solvents THF, ACN, CHCl 3 , DCM and DCE. This effect that the chlorinated solvents CHCl 3 , DCM and DCE cause happens because they best solvate in the excited state. Chlorine, which is strongly electronegative, has an interaction with the positive charges formed after the excitation of the molecule in the dimethylamine group. THF and ACN also stabilize the positive charge of the molecule. The fluorescence of these dyes in most solvents is so intensive that it is visible to naked eyes in the irradiation under normal daylight.
In order to evaluate theoretically and experimentally the solvent-dependent electronic structures in the quinolines and correlate the results, computations were performed using DFT/ PCM/B3LYP/6-31G(d), as described in Section 2.3. The experimental and theoretical results of the λ max were described in Table 3 .
The geometries of the optimized structures in vacuum of 3 and 4 are depicted in Fig. 7 . As it can be seen, the main quinoline structure is planar with the attached benzenes a little twisted. Both, the lowest unoccupied and the highest occupied molecular orbitals (LUMO and HOMO, respectively), are delocalized through the molecule, indicating a good overlap between HOMO and LUMO, which favor the optical transitions between ground and excited states.
In HOMO orbitals the π-electrons are able to delocalize over the entire quinoline backbone, including amine group and phenyl group at position 2 (terminal substituents). In LUMO orbital the π-electrons are delocalized extensively over whole π-conjugated systems, including the phenyl group at position 4. This delocalization is important to lower the HOMO-LUMO gap, as it can be seen in Fig. 7 and in Tables 4 and 5 where all the computational results are summarized.
The comparative increase and decrease in the energy of the highest occupied molecular orbital (HOMO's) and lowest unoccupied molecular orbitals (LUMO's) give a qualitative idea of the excitation properties. Lower LUMO and higher HOMO levels were observed.
On the basis of the reduction potentials, the lowest unoccupied molecular orbital (LUMO) energy levels of molecule 3 were calculated to be in the range of −1.37 to −1.60 eV and of molecule 4 in the range of −1.14 to −1.47. These results prove that these molecules have high electron-accepting ability. When compared to tris(8-hydroxyquinolinate)-aluminium (Alq3) (−2.3 V), which is one of the most widely used structures in electron-transporting materials, the LUMO energy levels of 3 and 4 shifted positively [31] . The HOMO values of 3 were calculated to be in the range of -5.24 to −5.39 eV, and of 4 in the range of −4.68 to −4.91 eV. Bandgap energy is an essential tool for constructing optical devices. The energy gap was calculated to be in the range of 3.78 to 3.86 eV for 3 and 3.43 to 3.53 eV for 4 [31] . In molecules 3 and 4, a similar behavior is noted, in which the solvents with the highest dielectric constant lead to a lower energy of HOMO, LUMO and band gap. Another fact to be emphasized is that the HOMO energies of molecule 4 are higher than molecule 3; this is due to the dimethylamino group, which is a strong electron donor and tends to destabilize the orbitals energies. Hence, dimethylamine groups can contribute to the resonance structures of the quinolines backbone upon excitation. Therefore, the contribution of the positive charge on the quinoline amine group, in the resonance structures of compound 4 spectrum appears in lower energies as compared to that of 3 in the same media.
The aromaticity of the dye may sometimes be strongly affected by changes in the dihedral angles and it is noted that the difference between calculated and experimental values becomes larger as seen for azobenzene, hydrazine and cationic dyes in a study reported by Guillaument and Nakamura [32, 33] . It is inferred that the dye adopts different conformations with various solvents, which is also supported by results from quantum chemical calculations. As previously mentioned, it is important to know the influence of the solvent on the quinoline core without substituents, so we do not limit our explanation of the change in values only in relation with the twist angle of substituents (θ1, θ2, θ3 and θ4). The dihedral angles are shown in Fig. 8 . All the results presented by computational studies are summarized in Table 4 and  Table 5 .
Theoretical results showed that for compounds 3 and 4, angle θ1, even in different solvents, does not present major changes. On the other hand, when we observe the dihedral angles between phenyl rings and quinoline base, it is possible to see that, when changing the solvent, torsions up to 3°were observed in dihedral angles θ2 and θ3; when the dielectric constant is increased, the changes in θ2 and θ3 also increase, indicating a greater interaction between the solvent and the molecule. As for θ4 of 4, we can see variations up to 2.3°, with greater variations in those with higher dielectric constants.
The mobility that the molecule presents makes the structure favorable to the effect of the solvent type and thus hinders the correlation between theoretical and experimental values for maximum absorption length. However, we found a trend in the behavior of these molecules. Initially, with the data obtained theoretically, we observed a correlation between the dielectric constant of the solvent and the λ max . A first correlation was found between the dielectric constant and the experimental λ max (Fig. 9) , and a second correlation was found between the dielectric constant and the theoretical λ max (Fig. 10) . The value of R indicates a strong correlation between experimental and theoretical studies [34] .
Figures 9 and 10 show strong correlation between λ max and dielectric constant. The tendency is to increase the dielectric constant, shifting the λ max batochromically. The errors occur because the absorption phenomenon depends on other factors that cause changes in the electronic structure of the molecule such as viscosity, a b polarity, and, therefore, solubility [27] . Theoretical studies minimize these errors relative to dielectric constant. In these studies, the interaction of the electron cloud between the solvent and the compound is considered and the effect of viscosity and others previously mentioned is not considered. But even so, what probably plays a major role in the geometry of the molecule, in the solvatochromism, is the electrostatic and orbital interactions with the solvent. Another observation regarding the theoretical correlation is that reaching the high values of dielectric constant seems to be saturation, and wavelength does not follow a linear increase.
Further investigations of this class of D-A-D systems, as well as the synthesis and modification of groups to know photovoltaic properties in optoelectronic devices, will be studied and will be reported in future publications.
Conclusion
The solvatochromic effect and photophysical properties of quinoline derivatives in various solvents were studied to know their relation with each substituent in the structure. Among the substituents, we highlighted the dimethylamine group. In addition, it is possible to observe the highlighted effect on the absorption bathochromic shift and fluorescence displayed by the compounds having amine group at position 6 of the quinoline core. This demonstrates the importance of inserting the phenyl groups, but also confirms the key effect of the amino group at position 6 of the quinoline backbone.
In theoretical calculations, both effects of solvation and electrostatic factors were taken into consideration. Thus, molecules 3 and 4 were further studied by the properties highlighted based on an earlier study. A correlation between theoretical and experimental maximum absorption length and the dielectric constant was observed. In general, the λ max can be predicted with good accuracy. It is difficult to be precise as to when the molecule is more flexible because the structure is more difficult to be predicted, therefore the geometry of the excited state can greatly differ from the ground state. The solvatochromic effect was studied in the two molecules, being more pronounced in molecule 4, a D-A-D molecule type. All results obtained in this study are important for quantum chemistry practical applications in the design of functional dyes.
